A Storm Clouds Gather
The ʼperennial foundations of thinkingʼ are presented: Newtonʼs concepts of space, time and inertial mass. Also following Newton we define inertial frames of references. Next we present Galileoʼs formulation of the relativity of uniform movement. The principle of relativity is formulated based on the concept of an inertial frame. In the third section we show that Maxwell's theory of electromagnetism does not fit with Newton's mechanics and Galileoʼs equivalence of all inertial frames: Newton and Galileoʼs manner of adding velocities shows itself in conflict with the constancy of the speed of light. The fourth section presents Einsteinʼs approach to solving this conflict. Finally we take a short detour to other fields of activity, for which around 1900 storm clouds began to gather.
A1 Newtonian Foundations of Classical Physics
Newton published his great work "Philosophiae naturalis principia mathematica" in 1687 ([01] , English edition [02] or [03] ). In this work he used Euclidean geometry to embed the previous work of the ʻgiantsʼ Kepler, Galileo, Descartes and Huygens into a uniform and a comprehensive theory, which today we call Newtonian mechanics. Keplerʼs laws of planetary motion, Galileoʼs law of relativity of all uniform motion, Descartesʼ law of conservation of momentum, Huygenʼs analysis of circular motion, and the motion of the heavenly and terrestrial bodies were all reduced to 3 axioms and 1 force law. In his book Newton successfully applies his theory to compute the flattening of the earth and of Jupiter, to justify the tides and much more.
The success of his mathematical ideas affected the course of human thought far beyond the natural sciences, and the following two centuries only increased this success. It was therefore even more difficult to abandon the fundamental conceptions on which Newtonʼs theory builds -the concepts of time, of space and of the inertial mass of a body.
Newtonian Time
The master formulated it beautifully in his book :
"Although time, space, place and motion are very familiar to everyone, it must be noted that these quantities are popularly conceived solely with reference to the objects of sense perception. And this is the source of certain preconceptions; to eliminate them it is useful to distinguish these quantities into absolute and relative, true and apparent, mathematical and common.
Absolute, true, and mathematical time, in and of itself and of its own nature, without reference to anything external, flows uniformly and by another name is called duration. Relative, apparent, and common time is any sensible and external measure (precise or imprecise) of duration by means of motion; such a measure -for example, an hour, a day, a month, a year -is commonly used instead of true time."
And later : "In astronomy, absolute time is distinguished from relative time by the equation of common time. For natural days, which are commonly considered equal for the purpose of measuring time, are actually unequal. Astronomers correct this inequality in order to measure celestial motions on the basis of a truer time. It is possible that there is no uniform motion by which time may have an exact measure. All motions can be accelerated and retarded, but the flow of absolute time cannot be changed."
Newton's concept of a true, absolute, mathematical time applies for all observers at all places equivalently. Time flows continuously and regularly. Its course cannot be affected by heat, acceleration or gravity. Two different observers always measure the same time interval for the same procedure (up to inaccuracies due to the incompleteness of their clocks). Atomic clocks tick in the laboratory exactly as they would in orbit. And a clock is perfect, if the first derivative of the indicated time to true time is constant, that is when the second derivative is zero.
This true and absolute time implies that the simultaneity of two events is an absolute fact. It is independent of the location or of the state of movement of the observers. Time flows the same for all, just as the sun shines the same on all, just and unjust alike.
Newtonian Space
Concerning space and location things are somewhat more complicated, although Newton likewise postulates a true and absolute space [03-408f]:
"Absolute space, of its own nature without reference to anything external, always remains homogeneous and immovable. Relative space is any movable measure or dimension of this absolute space; such a measure or dimension is determined by our senses from the situation of` the space with respect to bodies and is popularly used for immovable space, as in the case of space under the earth or in the air or in the heavens, where the dimension is determined from the situation of the spare with respect to the earth. Absolute and relative space are the same in species and in magnitude, but they do not always remain the same numerically. For example, if the earth moves, the space of our air, which in a relative sense and with respect to the earth always remains the same, will now he one part of the absolute space into which the air passes, now another part of it, and thus will be changing continually in an absolute sense."
And somewhat later :
"Just as the order of the parts of time is unchangeable, so, too, is the order of the parts of space. Let the parts of space move from their places, and they will move (so to speak) from themselves. For times and spaces are, as it were, the places of themselves and of all things. All things are placed in time with reference to order of succession and in space with reference to order of position. It is of the essence of spaces to be places, and for primary places to move is absurd. They are therefore absolute places, and it is only changes of position from these places that are absolute motions."
Contrary to absolute time, to which we are helplessly subjugated, we can freely move in absolute space. Newton clearly sees that one must consider three cases:
1. Accelerated movement along a straight line: This is easily identified by the force of inertia it gives rise to.
2.
Rotation relative to absolute space: This is recognizable by centrifugal force, to which it gives rise. It is this absoluteness of the rotation (rotation relative to what exactly??), which convinced Newton of the existence of absolute space. In his famous description of the bucket experiment [03-412f] he stresses that he himself performed this experiment.
3.
Uniform movement along a straight line: This is characterized in that no additional forces arise. Therefore, in principle, it cannot be determined whether one is at rest in absolute space or whether one is moving with constant speed.
This leads us to the important idea of the inertial frame.
Inertial Frame of Reference
Spatial coordinate systems, which are not accelerated and which do not rotate, are called inertial frames of reference (or simply inertial frames). These are the coordinate systems, which rest in Newton's absolute space or which move uniformly therein. Such coordinate systems are suitable for describing mechanical processes without the need to introduce ʻfictitious forces' (also called ʻpseudo forcesʼ or ʻinertial forcesʼ).
An often found definition of an inertial frame is the following: Inertial frames are coordinate systems, which do not move relative to the fixed stars. Why is this definition, if taken as stated, useless?
Lengths, distances and angles can be measured however in arbitrary (i.e., non-inertial) coordinate systems. All observers measure the same value, just as they would measure the same length of time for a dynamic event (e.g., a roof tile falling to the road). The length of an object depends in no way on how fast it is moving.
Newtonian Mass
Each material body possesses a quantity of mass, with which the body resits to being accelerated: F = m·a. The force needed for a given acceleration a is a direct measure of this inertial mass m of the body. Newton differentiates carefully between inertial mass and gravitational mass, and he performed his own experiments, to verify that the inertial mass and the weight of a body are always proportional to each other:
"… I mean this quantity whenever I use the term ʻbodyʼ or ʻmassʼ in the following pages. It can always be known from a bodyʼs weight. For -by making very accurate experiments with pendulums -I have found it to be proportional to the weight, as will be shown below." This material quantity is, of course, independent of the movement of the body, just like it is independent of the air pressure or of the temperature of the body. The mass of a body is a constant, which is assigned to it, as long as it is not divided in any way.
The fact that the inertial and the gravitational mass of a body are proportional to each other (whereby the constant of proportionality depends only on the selected units and therefore could also be 1) was a fact Newton could not explain and which he even distrustfully questioned with his experiments [03-700ff] . In section G2 we will see that for Einstein the equality of the inertial and gravitational mass is no longer a fact to be explained but, rather, a fundamental axiom of a new theory.
Space, time and mass are the fundamental ideas, on which Newton developed his mechanics. All other physical quantities can be derived from these three (e.g. try it yourself for the pressure!). The fact that space, time and mass are fundamental is reflected also in the fact that the associated units (second, meter and kilogram) were until 1983 base quantities. This also explains why pendulum, yardstick and weight stone are the Insignia of the American Institute of Physics.
In the context of relativity theory all three of these basic quantities will actually turn out to be ʻrelative'; little remains of Newton's absolute time and absolute space. Also the independence of the inertial mass from the reference system must be abandoned. A somewhat hard formulation would be: the basic assumptions of Newton turned out to be prejudices. To recognize this after the enormous success of Newtonian mechanics required a certain boldness!
A2 Galileo Galileiʼs Principle of Relativity
Newton was not the first to state that it is impossible to decide whether an object or a coordinate system in absolute space is moving or at rest. We all know the situation from everyday life: Is it our train or is it the one on the tracks next to us that is moving?
Galileo Galilei described this fact, in his typically colorful language, in his famous "Dialogue Concerning the Two Chief World Systems" and was probably not even the first. With the ship standing still, observe carefully how the little animals fly with equal speed to all sides of the cabin. The fish swim indifferently in all directions; the drops fall into the vessel beneath; and, in throwing something to your friend, you need throw it no more strongly in one direction than another, the distances being equal; jumping with your feet together, you pass equal spaces in every direction. When you have observed all these things carefully (though there is no doubt that when the ship is standing still everything must happen in this way), have the ship proceed with any speed you like, so long as the motion is uniform and not fluctuating this way and that. You will discover not the least change in all the effects named, nor could you tell from any of them whether the ship was moving or standing still. In jumping, you will pass on the floor the same spaces as before, nor will you make larger jumps toward the stern than toward the prow even though the ship is moving quite rapidly, despite the fact that during the time that you are in the air the floor under you will be going in a direction opposite to your jump. In throwing something to your companion, you will need no more force to get it to him whether he is in the direction of the bow or the stern, with yourself situated opposite. The droplets will fall as before into the vessel beneath without dropping toward the stern, although while the drops are in the air the ship runs many spans. The fish in their water will swim toward the front of their bowl with no more effort than toward the back, and will go with equal ease to bait placed anywhere around the edges of the bowl. Finally the butterflies and flies will continue their flights indifferently toward every side, nor will it ever happen that they are concentrated toward the stern, as if tired out from keeping up with the course of the ship, from which they will have been separated during long intervals by keeping themselves in the air. ..." [05-187f] We can summarize this somewhat more soberly:
If a coordinate system B moves uniformly (with constant velocity) in a straight-line with respect to an inertial frame A, then B is also an inertial frame. Or: Two inertial frames can move only uniformly along a straight-line to each other. It cannot be recognized whether one of the two is at rest in absolute space.
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We formulate thus as the principle of relativity of Galilei:
From the point of view of mechanics, all inertial frames are equal.
One obtains the general relativity principle, if one omits the restriction on mechanics:
All inertial frames are equal. The physical laws are the same in every inertial frame, including the values of the constants that arise within them.
A3 Incompatibility of Maxwell's Theory of Electromagnetism
Einstein was always thorough in his thought and argumentation. In this section we investigate the contradictions of physics he wanted to redress with his special theory of relativity (STR).
Imagine the waiter in the dining car of a train, moving at 100 km/h on a long straight stretch of rails. The waiter moves at 5 km/h in the dining car both in and against the direction of travel of the train. At which speed does he actually travel?
We make two observations: First of all it is obvious that speeds are relative and not absolute. They always refer to a given coordinate system. We have the choice of fixing our coordinate system to the dining car or to the ties of the railway track. If we sit ʻin peace' in the dining car, then the waiter moves forwards and back at ±5 km/h.
It was already clear to Galileo and Descartes, how fast the waiter moved in a reference system in which the rails are at rest and on which the train moves with 100 km/h. The speeds of the train and that of the waiter relative to the train are simply added: he moves with 105 km/h or with 95 km/h, always in the direction of the trainʼs velocity. Thus our second observation is that in Newtonian mechanics speeds simply add. (If the speeds are not parallel as in our example, then not only the signs, but also the directions must be considered, i.e., the velocities must be added as vectors.)
In D1 we will formally prove the correctness of this speed addition within Newtonian mechanics. The proof shows beautifully, how in particular the idea of absolute time is presupposed.
Where then is the problem?
In 1856 the physicist James Clerk Maxwell successfully condensed the rich research results of Michael Faraday and others in the areas of electricity and magnetism into four formulas. In 1862 he published these in his paper "On Physical Lines of Forces" and in 1873 his masterpiece "A Treatise on Electricity and Magnetism" appeared in two volumes. Maxwell demonstrated in pure mathematical form the fact that electrical and magnetic fields propagate as waves in space. In 1886 Heinrich Hertz proved the existence of such electromagnetic waves experimentally.
The propagation speed of these waves in a vacuum is given by the expression where ε0 is the electrical field constant, which for example also arises in the force law of Coulomb, and μ0 is the appropriate magnetic field constant. Of course, Maxwell had already noticed that this value corresponds exactly to the speed of light in a vacuum (which by the way differs from that in air only very slightly). This implies however that the speed of light must also be a constant of nature, just as are the electrical and the magnetic field constants! Thus this beautiful theory of Maxwell, which was distilled out of a large body of experimental work and which itself was afterwards splendidly confirmed, demonstrates that the speed of light in a vacuum is a constant of nature. If we accept that the relativity principle not only applies to mechanics, then it must also be true that Maxwellʼs equations apply in any inertial frame, with the same values for the constants of nature. The speed of light would be a constant, whose value would be the same in every inertial frame. The speed of the forward shining light of a forward moving locomotive must be exactly equal to that of one at rest or even one moving backwards! The speed of light is thus independent of the movement of its source. This however contradicts the vector addition of speeds, which we have also presented as fact within Newtonian mechanics.
Seen as a package Newtonian mechanics, the relativity principle and Maxwell's theory of electromagnetism are incompatible! James Clerk Maxwell (1831 -1879)
In order to describe the dilemma more clearly, we introduce the following abbreviations:
N Newtonian mechanics with absolute time and absolute space R General relativity principle: All inertial frames are equal M Maxwell's theory of electromagnetism
One cannot have N, R and M at the same time. From N and R follows the addition of velocities which implies that the light of the forward moving locomotive moves in the rail trackʼs inertial frame at c + 100 km/h. This does not fit M. From M and R follows the constancy of the speed of light which implies that the light of the forward moving locomotive has in each inertial frame the speed of c, the measured value is independent of the movement of the source and the receiver!
Which possibilities remain?
One can keep N and limit R to the laws of N. In this case the beautiful equations of M apply unchanged only if the reference frame in Newton's absolute space is at rest, and other inertial frames are adapted. Ugly! It amounts to almost the same, if one holds to N and M and abandons R. Now the experimenter has the additional task of determining his speed in absolute space, where the propagation medium of electromagnetic waves, the so-called ether, resides. This task was accepted by A. Michelson and E. Morley, following a suggestion by Maxwell.
If one tries to keep R and M then he must supply an ʻimproved' version of N! Before Einstein nobody had the courage to consistently pursue this path. Nevertheless Einstein could profit from many predecessors: FitzGerald and Lorentz suggested a formula for ʻthe contraction' of the measuring apparatus in the direction of motion of the earth through the ether. Also Lorentz had already around 1900 briefly introduced a ʻlocal time', in order to explain the results of certain experiments. The great mathematician Poincaré coined in 1905 the expression ʻLorentz transformations' and (at the same time and independently of Einstein) showed that these transformations form a mathematical group and that M under such transformations is invariant. The fruit was thus ripe for the plucking (for details of the history of the STR refer to chapter 6 in [10]).
One could even claim that it was aesthetic reasons that actually induced Einstein to keep R and M. The introduction of his famous article of 1905 begins as follows:
"It is well known that Maxwell's electrodynamics -as usually understood at present -when applied to moving bodies, leads to asymmetries that do not seem to be inherent in the phenomena. Take, for example, the electrodynamic interaction between a magnet and a conductor. The observable phenomenon here depends only on the relative motion of conductor and magnet, whereas the customary view draws a sharp distinction between the two cases, in which either the one or the other of the two bodies is in motion." This article does not presuppose (at least in the first part) any higher knowledge in mathematics and is very much recommended to the reader.
A4 Einstein Cuts the Gordian Knot
Einstein declared R and M to be valid without any restrictions and showed how one must modify N, so that everything fits together without contradiction. He placed at the beginning of his theory, which today we call special theory of relativity (STR), the following postulate: R All inertial frames are equal. The laws of nature, including the values of the constants arising therein, are the same in all inertial frames M Maxwell's electrodynamics is valid without restrictions
In the last section we saw that R and M imply that the (vacuum) speed of light c has the same value in all inertial frames and is therefore a constant of nature. In the usual mks system of units this value is c = 299,792,458 m/s
The equals sign is correct: Since 1983 the meter is no longer a fundamental value, but is defined by this value of c and the second! Thus today the STR is the basis even for the definition of our basic metrics! The absoluteness of the speed of light in the STR firmly couples space and time together. A distance of approximately 300,000 km length corresponds to one second of time. "From a purely logical point of view, the relativity principle must be considered as one of the most significant accomplishments ever achieved in theoretical physics. ... [Relativity] was discovered in an inductive way, after all attempts to detect absolute motion had failed. ... While Lorentz must be considered as the first to have found the mathematical content of the relativity principle, Einstein succeeded in reducing it to a simple principle. One should therefore assess the merits of both investigators as being comparable. ... " Einstein would have agreed with this. He himself had designated only one of the 5 works of his ʻannus mirabilisʼ as ʻquite revolutionary', namely the one concerning the photoelectric effect! When Einstein in 1921 finally received his long overdue Nobel Prize, the reason also specifically emphasized that work. Einstein always spoke of Lorentz with the greatest respect. All 5 works were by the way published, along with good introductions, by John Stachel in [09] .
Albert Einstein and Hendrik Antoon Lorentz (1921) In the STR one can also replace the postulate M with the special requirement that c is a universal constant. In the following chapters we will demonstrate in detail, how one can derive the STR from the relativity principle and the constancy of c. Fortunately, a complete presentation of the STR requires only modest mathematical knowledge. We will not have to struggle like Kepler, who writes in his introduction to the "New Astronomy": "I, who consider myself a mathematician, quickly fatigue the power of my brain through the rereading of my work, in an attempt to recognize the sense of the proofs, which I indeed originally inserted with my own understanding into the diagrams and the text, and from which diagrams I again want to glean an understanding. If I obviate the heavy comprehensibility of the material by interspersing detailed descriptions then I appear to be garrulous in mathematical things and that is the opposite mistake." (translation by Samuel Edelstein from [08-19])
A5 Suggestions
In order to keep this book to a manageable size, much that would otherwise be interesting to include, must be omitted. I would like to draw my readerʼs attention to a part of this material with these ʻSuggestionsʼ.
